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Design of Multistep Aging
Treatments of 2099 (C458) Al-Li Alloy
M. Romios, R. Tiraschi, C. Parrish, H.W. Babel, J.R. Ogren, and O.S. Es-Said
(Submitted June 22, 2005)
Multistep artificial aging treatments coupled with various natural aging times for aluminum lithium 2099
alloy (previously called C458) are discussed to obtain mechanical tensile properties in the T6 condition that
match those in the T861 condition, having a yield strength in the range of 414-490 MPa (60-71 ksi), an
ultimate strength in the range of 496-538 MPa (72-78 ksi), and 10-13% elongation. Yield and ultimate
tensile strengths from 90-100% of the strength of the as-received material (in the T861 condition) were
obtained. The highest tensile strengths were consistently obtained with two-step, low-to-high temperature
artificial aging treatments consisting of a first step at 120 °C (248 °F) for 12-24 h followed by a second step
between 165 and 180 °C (329-356 °F) for 48-100 h. These T6-type heat treatments produced average yield
and ultimate strengths in the longitudinal direction in the range of 428-472 MPa (62.1-68.5 ksi) and 487-523
MPa (70.6-75.9 ksi), respectively, as well as lower yield strength anisotropy when compared with the
as-received material in the T861 condition.
Keywords aluminum-lithium (Al-Li), anisotropy, artificial ag-
ing, natural aging
1. Introduction
Al-Li C458 was developed in 1997. Research data indicate
that it has superior physical and mechanical properties over
traditional 2xxx and 7xxx series aluminum alloys, and it over-
comes many shortcomings, especially mechanical anisotropy,
of previous Al-Li alloys (Ref 1). Because of the alloy’s matu-
rity, it was designated 2099 by the Aluminum Association in
2004, and the alloy will be referred to by its current name for
the rest of the manuscript.
When compared with its predecessor 2090, 2099 has less
planar anisotropy, higher transverse ductility, excellent stress
corrosion cracking resistance (SCCR), and excellent toughness,
and like 2090 it has excellent cryogenic properties (Ref 2).
Al-Li alloys are preferred to other aluminum alloys for aero-
space applications primarily because they have a low density,
offering 10-25% weight savings in some aerospace applica-
tions (Ref 1, 3). Al-Li 2099 has been found to save up to 14%
weight on major structural components of aircraft wings (Ref
3) and 21% for some cryogenic tanks. Al-Li alloys generally
have high specific modulus and excellent fatigue and cryogenic
toughness properties, as compared with traditional aluminum
alloys.
All of the mechanical tensile data collected from the T6 heat
treatments reported here are compared with those of 2099 alloy
in the as-received T861 condition, which has been solution
treated, stretched 6%, and age hardened. In the T8 temper, the
plastic deformation from the 6% preage stretch introduces dis-
locations, which act as preferential nucleation sites in the ma-
trix for the primary strengthening phase, T1 (Al2CuLi) (Ref 4).
It was found that the nucleation of the T1 precipitates, at dis-
locations induced by plastic deformation, enhances the strength
and aging kinetics of 2099 (Ref 4). A key disadvantage of
Al-Li alloys is the need for cold work to attain peak mechanical
strength. The non-cold worked 2099 does not tend to form the
T1 precipitates in the matrix, only at the grain boundaries, and
any T1 precipitates in the matrix of 2099 are likely the result of
dislocations remaining after the solution heat treatment (Ref 4).
More abundant and finer precipitation of T1 in the matrix of
2099 directly correlates to increased strength and ductility (Ref
4). In addition, cold working can add cost and complexity to
the manufacturing of some parts, and in some aerospace ap-
plications, such as one-piece domes for cryogenic tank appli-
cations (Fig. 1), is not possible.
The aim of this study is to develop T6 aging treatments for
2099 alloy capable of achieving strength and ductility compa-
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rable to that of the alloy in the T861 condition, primarily to
eliminate the 6% preage stretch used in the T8 treatment. That
is, complex shaped parts could be heat treated to attain a T6
strength comparable to the T8 strength without stretching.
These T6 heat treatments could be used as replacements for T8
heat treatments on parts that are complexly shaped and cannot
be cold worked in manufacturing.
U.S. Patent 4 861 391 (Ref 5) describes a method for pro-
ducing an Al-Li alloy having a combination of enhanced
strength and fracture toughness. The patent describes a two-step,
low-to-high temperature artificial aging process. The process
documented by Rioja et al. (Ref 5) involves aging at or below
a first temperature of 93 °C (200 °F) for 12-100 h, then further
aging at a second temperature above the first but below 219 °C
(425 °F) until the desired strength is reached. When comparing
tensile yield strengths of one-step versus two-step artificial
aging, it was found that the strengths obtained from two-step
aging were consistently higher. The patent hypothesizes that
when solute atom clustering occurs in the first step, a more
even distribution of variously sized strengthening precipitates
form in the second step (Ref 5).
This study focuses on the design of aging treatments to
maximize tensile strength while maintaining acceptable ductil-
ity. The results from mechanical testing of 2099 alloy plate
material subjected to several variations of aging treatments are
discussed. The data show that tensile strengths comparable to
that of the material in the T861 condition can be obtained by a
T6 type aging treatment not requiring the preage stretch or any
form of cold work. The aging treatments discussed are de-
signed based on the principle that, in the artificial aging pro-
cess, low temperatures tend to enhance nucleation of strength-
ening precipitates and higher temperatures tend to enhance the
growth of such precipitates (Ref 5). The goal of the study is the
optimization of such aging treatments where the combination
of times and temperatures produce high ultimate and yield
tensile strengths with minimum sacrifice in ductility.
2. Experimental Procedure
The 2099, 1.27 cm (0.5 in.) plate material in this study was
supplied by Alcoa (Pittsburgh, PA). The nominal chemical
composition of the aluminum alloy by weight percent is 2.4-
3.0Cu, 1.6-2.0Li, 0.4-1.0Zn, 0.1-0.5Mg, 0.1-0.5Mn, 0.05-
0.12Zr, 0.02-0.5Si, 0.03-0.7Fe, and 0.1Ti. Most of the coupons
used in this study were machined from 2099 plate material in
the T861 condition, while others were machined from plate
material in either the T351 or the TF condition. Coupons were
machined into tensile bars 2.54 cm (1 in.) wide, 20 cm (8 in.)
long, and either 0.635 cm (0.25 in.) or 1.27 cm (0.5 in.) thick,
with a gauge width of 1.27 cm (0.5 in.). Where material per-
mitted, sets of three coupons each were machined at orienta-
tions of 0° (longitudinal), 45°, and 90° (transverse) relative to
the plate-rolling direction, for a maximum of nine coupons per
aging treatment. Results represent the average of three tensile
tests for each orientation. Tensile tests were performed on Ti-
nius Olsen Universal (Tinius Olsen, Horsham, PA) and Instron
4505 testing machines (Instron, Norwood, MA). Separate hard-
ness bars were prepared and hardness tests were performed on
the Rockwell B hardness scale using the Wilson/Rockwell
hardness tester. Forty-nine heat-treatment experiments were
performed in total. Fourteen of those that resulted in the highest
tensile strengths are discussed here and compared with the
plate material in the as-received T861 condition.
3. Results and Discussion
The experimentally designed heat treatments summarized
here demonstrate that 2099 alloy plate material with ultimate
and yield tensile strength comparable to that in the T861 con-
dition can be obtained with a T6 type heat treatment. The
processes for several of the best performing heat treatments are
summarized in Table 1, while the mechanical properties of
those processes are summarized in Table 2. In Tables 1 and 2,
Heat Treatment 0 identifies the as-received properties of the
C458-T861 1.27 cm (0.5 in.) plate material, with tensile
strengths and elongation as provided by Alcoa (Ref 6). With
the exception of Heat Treatment 0, all the heat treatments
summarized in Tables 1 and 2 included a solution treatment of
549 °C (1020 °F) for 2 h immediately followed by quenching
in room temperature water.
The most successful artificial aging treatments in terms of
tensile strength were two-step, low-to-high temperature pro-
cesses. The objective of these two-step artificial aging treat-
Table 1 Heat treatments of 2099 alloy
Heat
treatment Reference
Starting
condition
Solution treatment Natural
aging, h
Step 1 Step 2 Step 3
°C (°F) h °C (°F) h °C (°F) h °C (°F) h
0(a) 6 T861
1 7 T861 549 (1020) 2 48 120 (248) 12 180 (356) 24 … …
2 7 T861 549 (1020) 2 48 120 (248) 12 180 (356) 50 … …
3 7 T861 549 (1020) 2 48 120 (248) 12 180 (356) 100 … …
4 7 T861 549 (1020) 2 48 120 (248) 24 180 (356) 48 … …
5 8 T861 549 (1020) 2 48 120 (248) 24 180 (356) 75 … …
6 9 T861 549 (1020) 2 48 120 (248) 24 165 (329) 100 … …
7 11 T861 549 (1020) 2 48 140 (284) 18 180 (356) 48 110 (230) 72
8 10 T351(b) 549 (1020) 2 96 154 (309) 24 121 (250) 96 … …
9 10 T351(b) 549 (1020) 2 96 163 (325) 8 121 (250) 96 … …
10 10 T351(b) 549 (1020) 2 96 163 (325) 16 121 (250) 96 … …
11 10 T351 549 (1020) 2 48 121 (250) 48 154 (309) 96 … …
12 10 T351 549 (1020) 2 576 121 (250) 48 154 (309) 96 … …
13 10 T351 549 (1020) 2 48 121 (250) 48 177 (351) 24 … …
14 10 T351 549 (1020) 2 48 120 (248) 24 165 (329) 100 … …
(a) As-received in the T861 temper. (b) 45° orientation coupons were TF starting condition
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ments is to nucleate precipitates in the first step and coarsen the
precipitates in the second step. In one study that focused on
optimizing the two-step artificial aging treatment, the results
from the tensile tests pointed to an optimal temperature com-
bination of 120 °C (248 °F) in the first step and 180 °C (356 °F)
in the second step (Ref 7). Various combinations of first and
second step aging times were tested, including a three trial
experiment that aged samples at 120 °C for 12 h and then
varied the second step aging time at 180 °C (356 °F) for 24, 50,
and 100 h (Heat Treatments 1, 2, and 3) (Ref 7).
Tensile strength was found to increase when going from
24-50 h for the second aging step. For example, the yield
strength in the 45° orientation increased by about 5% from
413 MPa for Heat Treatment 1 to 433 MPa for Heat Treatment
2, exceeding that of the T861 condition (Heat Treatment 0 in
Table 2). However, the yield strength then decreased for Heat
Treatment 3, dropping about 4% from 433 to 415 MPa in the
45° orientation. This suggests that slight overaging occurs
when aged for up to 100 h at 180 °C (356 °F) (Ref 7).
Heat Treatment 4 tested a two-step artificial aging treatment
of 120 °C (248 °F) for 24 h and 180 °C (356 °F) for 48 h (Ref
7). Comparing Heat Treatment 4 with Heat Treatment 2 shows
a slight improvement in tensile strength, suggesting that the
longer first step aging time allows for an increase in strength.
For example, the yield and ultimate strengths in the 0° orien-
tation increased from 441 and 489 MPa for Heat Treatment 2
to 456 and 504 MPa for Heat Treatment 4, respectively. Heat
Treatment 5 is similar to Heat Treatment 4 with a first artificial
aging step of 120 °C (248 °F) for 24 h but with a second
artificial aging step at 180 °C (356 °F) for 75 h, which is 50%
longer than that of Heat Treatment 4 (Ref 8). However, the
yield and ultimate strength values decreased by 2.4-5% be-
tween Heat Treatments 4 and 5. This comparison suggests
again that the high temperature of 180 °C (356 °F) when used
as the second step artificial aging temperature for times greater
than 50 h results in overaging and reduction in tensile strength.
Heat Treatment 4 resulted in tensile strength values that
were from 93 to 98% of the strength in the as-received T861
condition. The yield and ultimate strengths in the 0° orientation
measured from this aging treatment were 456 and 504 MPa,
respectively, compared with 490 and 524 MPa for the T861
condition (Ref 7). A later attempt to optimize this aging treat-
ment for maximum tensile strength was performed with the
same first step artificial aging time and temperature of 120 °C
(248 °F) for 24 h but with a second artificial aging step at a
slightly lower temperature of 165 °C (329 °F) to avoid over-
aging (Ref 9). This aging treatment (Heat Treatment 6) resulted
in a 1.5-3.5% increase in yield and ultimate tensile strength as
compared with Heat Treatment 4. For example, the yield and
ultimate strengths in the 0° orientation increased from 456 and
504 MPa for Heat Treatment 4 to 472 and 523 MPa for Heat
Treatment 6, respectively.
Heat Treatment 6 produced the highest tensile strength of all
the heat treatments tested in this study. Performed on 1.27 cm
(0.5 in.) plate material in the T861 starting condition, this heat
treatment included a two-step artificial aging schedule of 120 °C
(248 °F) for 24 h and 165 °C (329 °F) for 100 h (Ref 9). This
resulted in strength values that were from 96-99% of the
strength in the T861 condition, including an average yield
strength in the 45° orientation that was 11 MPa greater than
that of the as-received material (yield strength of 425 MPa for
Heat Treatment 6 compared with 414 MPa for the as-received
T861). The yield and ultimate strengths in the 0° orientation
measured from Heat Treatment 6 were 472 and 523 MPa,
respectively, compared with 490 and 524 MPa for the T861
condition. However, when this heat treatment was performed
on plate material in the T351 starting condition (Heat Treat-
ment 14), the strength was 5-6% lower (Ref 10). This suggests
that the starting condition may make a difference in the mate-
rials response to the heat treatment.
While the majority of artificial aging treatments tested were
of the two-step, low-to-high temperature variety, one of the
three-step processes is worth mentioning. This heat treatment,
indicated as Heat Treatment 7 in Tables 1 and 2, was per-
formed on 1.27 cm (0.5 in.) plate material initially in the T861
starting condition. The three-step artificial aging treatment con-
sisted of 140 °C (284 °F) for 18 h, 180 °C (356 °F) for 48 h,
and 110 °C (230 °F) for 72 h (Ref 11). Heat Treatment 7
resulted in strengths that were from 95% to 98% of that in the
as-received T861 condition. The yield and ultimate strengths in
the 0° orientation measured from this aging treatment were 463
and 510 MPa, respectively, compared with 490 and 524 MPa
for the T861 condition (Ref 11).
Heat Treatment 7 was designed as a combination of high-
Table 2 Mechanical properties of 2099 alloy
Heat
treatment Ref
Yield strength, MPa (ksi) Ultimate strength, MPa (ksi) Elongation, % Anisotropy
yield, %
Anisotropy
tensile, %0° 45° 90° 0° 45° 90° 0° 45° 90°
0 6 490 (71.0) 414 (60.0) 469 (68.0) 524 (76.0) 496 (72.0) 538 (78.0) 10.7 12.8 8.9 15.5 7.5
1 7 445 (64.5) 413 (59.9) 448 (65.0) 498 (72.2) 469 (68.0) 504 (73.1) 7.7 8.3 7.5 7.8 6.9
2 7 441 (64.0) 433 (62.8) 463 (67.2) 489 (70.9) 473 (68.6) 512 (74.3) 8.7 6.1 6.7 6.5 7.6
3 7 428 (62.1) 415 (60.2) 437 (63.4) 487 (70.6) 470 (68.2) 492 (71.4) 5.9 5.5 3.4 5.0 4.5
4 7 456 (66.1) 415 (60.2) 460 (66.7) 504 (73.1) 473 (68.6) 514 (74.5) 8.7 8.9 6.9 9.8 8.0
5 8 443 (64.3) 400 (58.0) 443 (64.3) 492 (71.3) 448 (65.0) 494 (71.7) 9.5 3.5 5 9.7 9.3
6 9 472 (68.4) 425 (61.7) 467 (67.8) 523 (75.8) 481 (69.7) 521 (75.6) 8.6 10.1 6.9 10.0 8.0
7 11 463 (67.2) 421 (61.0) 461 (66.9) 510 (73.9) 475 (68.9) 513 (74.4) 7.8 9.1 6.1 9.1 7.4
8 10 378 (54.8) 311 (45.1)(b) (c) 496 (71.9) 445 (64.5)(b) (c) 7.2 19.5 (b) (c) 17.7 10.3
9 10 420 (60.9)(a) 297 (43.1)(b) (c) 467 (67.7)(a) 438 (63.5)(b) (c) 5.3(a) 17.7 (b) (c) 29.3 6.2
10 10 418 (60.6)(a) 319 (46.3)(b) (c) 467 (67.7)(a) 440 (63.8)(b) (c) 5.3(a) 12.6 (b) (c) 23.7 5.8
11 10 433 (62.8) (c) (c) 489 (70.9) (c) (c) 8 (c) (c) (c) (c)
12 10 422 (61.2) (c) (c) 486 (70.5) (c) (c) 8 (c) (c) (c) (c)
13 10 406 (58.9) (c) (c) 465 (67.4) (c) (c) 9.5 (c) (c) (c) (c)
14 10 447 (64.8)(a) (c) (c) 492 (71.4)(a) (c) (c) 5.6(a) (c) (c) (c) (c)
(a) Coupon broke outside the 2 in. gauge length. (b) 45° orientation coupons were TF starting condition. (c) Not tested
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to-low and low-to-high temperature processes. The first step,
midtemperature treatment for a short duration of time is per-
formed so that the solute atoms cluster to form nuclei for the
formation and growth of precipitates, while the second step,
high temperature treatment causes the precipitates to grow (Ref
5). The third step, low temperature for a long duration of time,
is intended to cause new precipitates to form, but at a much
slower rate and more evenly distributed (Ref 12).
Three of the most successful high-to-low temperature two-
step aging treatments (Heat Treatments 8, 9, and 10) resulted in
significant strength values. Heat Treatment 8 was performed
with a first step temperature at the lower 154 °C (309 °F),
versus 163 °C (325 °F) for Heat Treatments 9 and 10 (Ref 10).
Consequently, Heat Treatment 8 produced 11% lower yield
strength but 6% higher ultimate strength values in the 0° ori-
entation when compared with Heat Treatments 9 and 10. The
ultimate strength values measured for Heat Treatment 8 in the
0° and 45° orientations were 95 and 90% of the T861 condi-
tion, respectively (Ref 10). However, the yield strength values
for Heat Treatments 8, 9, and 10 were significantly below the
goal, especially in the 45° orientation.
It was observed that in all of the high-to-low temperature
two-step artificial aging treatments, the yield strength values,
especially in the 45° orientation where no coupons averaged
over 400 MPa (58 ksi), were significantly lower than those of
the as-received. Coincidentally, all of the high-to-low tempera-
ture experiments were performed with a natural aging time of
96 h and with plate material of a different lot in either the T351
or TF starting condition (Ref 10).
It is not clear whether it is the high-to-low temperature
aging process, the long natural aging time, the lot chemistry, or
the starting condition that resulted in the significantly low yield
strength values for the 45° orientation. Tensile data tend to
show that the longer natural aging time does not adversely
affect the yield strength of the alloy. All of the tensile coupons
in the 45° orientation for the high-to-low temperature artificial
aging treatments were taken from the TF plate material, which
perhaps explains the significantly lower strength values re-
corded for this orientation from these aging treatments. Most of
the heat treatments performed with plate material of the lot in
the T351 condition resulted in lower than desired yield strength
values, and those performed with plate material of the lot in the
TF condition resulted in even lower yield strength values.
Heat Treatments 11, 12, and 13 are all characterized by
having a first step artificial aging time at 121 °C (250 °F) of
48 h, twice as long as previous studies (Ref 10). Heat Treat-
ments 11 and 12 perform well in the 0° orientation, with yield
strength values reaching 86-88% of the T861 condition and
ultimate strengths reaching 93% of the T861 condition. The
artificial aging schedule for Heat Treatments 11 and 12 is simi-
lar to Heat Treatment 6, with the exception of the longer first
step time (48 h as compared with 24 h) and a slightly lower
second step temperature (154 °C as compared with 165 °C). In
addition, Heat Treatments 11 and 12 were performed with plate
material that was initially in the T351 condition, as opposed to
the T861 condition plate material that was used for Heat Treat-
ment 6 (Ref 10). Consequently, the tensile strength values in
the 0° orientation for Heat Treatments 11 and 12 were 6.5-
10.6% lower when compared with those of Heat Treatment 6.
This difference in tensile strength may be a result of the starting
condition of the plate material, as was the case when Heat
Treatments 6 and 14 were compared. Although, the longer first
step aging time may also have been a factor.
Comparing Heat Treatments 11 and 12 reveals that natural
aging time does not have a significant effect on the tensile
strength of the artificially aged material. Heat Treatments 11
and 12 consisted of the same solution treatments and same
artificial aging schedule, but Heat Treatment 11 included a
natural aging time of 2 days, while Heat Treatment 12 included
a natural aging time of 24 days (Ref 10). The yield and ultimate
strength values in the 0° orientation for these two heat treat-
ments were within 3% of each other, with Heat Treatment 12
having slightly lower yield and ultimate strengths. Additional
heat treatments with natural aging times of 2 and 24 days, but
with identical solution treatments and artificial aging sched-
ules, revealed the same trend (Ref 10). Subsequent natural
aging studies did show that the hardness of samples increased
significantly within the first two days and continued to increase
slightly up to 10 days (Ref 10). However, in comparing Heat
Treatments 11 and 12, when samples are artificially aged, 2-4
days of natural aging preformed after solution treatment and
prior to artificial aging is sufficient to obtain T6 peak strength.
Heat Treatment 13, which is similar to Heat Treatments 11
and 12 with the exception of a very short second step artificial
aging time (24 h) at a slightly higher temperature (177 °C) (Ref
10), resulted in tensile strength values in the 0° orientation that
were about 5% lower than those of Heat Treatments 11 and 12.
This is likely a consequence of the short second step aging time
not allowing the precipitates to grow to a significant size. The
better performing heat treatments included second step artifi-
cial aging times that were much longer.
Figures 2-4 are plots of tensile strength data obtained from
several low-to-high temperature artificial aging treatments con-
sisting of various combinations of 1st and 2nd step aging times
and temperatures. Comparing the first-step artificial aging tem-
perature versus tensile strength (Fig. 2) appears to indicate that
the strength peaks between temperatures of 120-150 °C (248-
302 °F) (Fig. 4). A similar pattern is obtained when the first-
step artificial aging time is compared with tensile strength (Fig.
3), indicating a possible peak first-step aging time between
24 and 48 h. The second-step artificial aging temperature ap-
pears to produce maximum tensile strength between 160 and
180 °C (320 and 356 °F) (Fig. 4). The second-step artificial aging
time appears to be less influential on the resulting strength, but is
dependent on the aging temperature. It is recommended that the
region of the first step aging cycle between temperatures of
120-145 °C (250-290 °F) and durations of 24-48 h, along with
Fig. 2 Effect of first step artificial aging temperature on tensile
strength. Data points are from several low-to-high temperature artifi-
cial aging treatments consisting of various first and second step times
and temperatures.
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a complementary second step cycle, should be investigated to
pinpoint a possible peak-age T6 condition.
In the majority of the best performing T6 heat treatments,
the percent elongation at fracture was typically 20% less than
that of the material in the T861 condition. This may be caused
by cracks or imperfections on the surface of the coupons. An-
other possible explanation for the lower than desired ductility
may be that longer times at the higher temperatures caused the
precipitates at the grain boundaries to coarsen. This has the
effect of immobilizing the slip systems in the lattice structure
and increasing strength, but reducing ductility. The lower than
desired elongation is a trend consistent with many of the heat
treatments of this study, particularly those resulting in the high-
est strength values.
The anisotropy of Al-Li alloys has been noted as a disad-
vantage. Anisotropy is quantified here as the percent difference
between the highest and lowest values of strength among the
0°, 45°, and 90° orientations. The anisotropy in both yield
strength and ultimate strength were computed and compared
with the anisotropy of the as-received T861 condition. The best
heat-treatment processes reported here actually show an im-
provement in anisotropy over the as-received material, particu-
larly in yield strength. The as-received material exhibited 15%
anisotropy in yield strength, whereas the best two-step, low-
to-high artificial aging treatments exhibited between 5 and
10% anisotropy in yield strength. The anisotropy in ultimate
strength was on average the same as the as-received material,
ranging from 4.5 to 9.3%. The high-to-low, two-step artificial
aging treatments, which exhibited significantly low yield
strength in the 45° orientation, showed very high anisotropy.
The percent anisotropy is summarized in Table 2.
4. Conclusions
T6 heat treatment processes, consisting of multistep artifi-
cial aging treatments, of 2099 Al-Li alloy can be optimized to
produce tensile strength that is comparable to that of the ma-
terial in the T861 condition. Tensile and yield strengths of up
to 99% of the strength in the T861 condition can be obtained.
In general, higher aging temperatures and longer aging
times result in higher strengths, although strength will drop and
ductility may be sacrificed if over-aging occurs at higher tem-
peratures. However, when considering multistep aging pro-
cesses, care should be taken in choosing times and tempera-
tures for each step; longer times and higher temperatures are a
general improvement in strength but should be optimized to
produce the desired material properties.
The multistep artificial aging treatments that produce excel-
lent ultimate and yield tensile strength consistently result in
considerably less ductility than that of the material in the T861
condition.
The yield strength anisotropy recorded for the multistep
artificial aging treatments was significantly lower than that of
the material in the T861 condition, a considerable achievement
for overcoming one noted disadvantage of the T861 condition.
Low yield strengths, especially in the 45° orientation, were
experienced when the material was aged with a high-to-low
temperature artificial aging treatment, where the first-step ag-
ing temperature is higher than the second step. However it is
not clear whether the lower yield strength was the result of the
artificial aging treatment or the TF starting condition of the
plate material.
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